We present useful expressions predicting the filling time of gaseous species inside photonic crystal fibers. Based on the theory of diffusion, this gas-filling model can be applied to any given fiber geometry or length by calculating diffusion coefficients. This was experimentally validated by monitoring the filling process of acetylene gas in several fiber samples of various geometries and lengths. The measured filling times agree well, within AE15%, with the predicted values for all fiber samples. In addition, the pressure dependence of the diffusion coefficient was experimentally verified by filling a given fiber sample with acetylene gas at various pressures. Finally, optimized conditions for gas-light interaction are determined by considering the gas flow dynamics in the design of microstructured fibers for gas detection and all-fiber gas cell applications.
Introduction
Photonic crystal fibers (PCFs) are now widely used optical sensing tools as they offer the possibility to make interactions between light guided in the fiber and molecules trapped inside the capillaries. In addition to the high interaction length that is obtained in such small sensing volumes, PCFs can be coiled up into very small diameters due to their high robustness. Combined with the ability to engineer their physical and optical properties, PCFs are attractive candidates for realizing chemical sensors and gas cells [1] [2] [3] . For instance, solid-core microstructured fibers can be designed to have specific dispersion characteristics or to have maximum overlap between the optical field and the gas species [4, 5] . Applications such as acetylene gas spectroscopy and liquid chemical sensing have been successfully performed in suspended-core fibers where up to 29% of the optical power is available for sensing via the evanescent field [6, 7] . On the other hand, hollow-core fibers are usually preferred for weak absorption lines or short fiber lengths, even considering their limited bandwidths and low design flexibility, since the overlap between the optical field and the sensing species is nearly complete [8] .
In addition to the fraction of optical power available for sensing, the filling time is also an important parameter to consider when designing a fiber-based gas sensor since the microscopic size of the holes may lead by capillarity to an endless gas progression along the fiber. Previous papers monitored the gasfilling process in hollow-core fibers using acetylene absorption lines and studied its dependence on fiber length [9] [10] [11] . Accurate expressions have been provided to predict the temporal response of a gas sensor, but proved to be quite inconvenient due to the nonanalytical nature of the solutions [12] . This work aims at providing simple equations that can be applied to any type of fiber, fiber geometry, or length. Our model for the filling time is based on the theory of gas diffusion where approximations have been made to mitigate the complexity of the equations. The validity of these approximations is verified by analyzing the gas-filling dynamics in fiber samples of various geometries. Using this gas-filling model, 0003-6935/10/244604-06$15.00/0 © 2010 Optical Society of America the filling time can be predicted for any given fiber geometry and length.
Theory of Gas Diffusion
This section presents the equations governing the diffusion of gas molecules inside capillaries. We define the diffusive flux Φ as the amount of gas passing perpendicularly through a reference surface of unit area per unit time. It is directly a function of the gradient of the molecule density n at a position x:
where the proportionality constant D is the so-called diffusion coefficient. In addition, the conservation of mass during diffusion yields
The diffusive flux Φ and the diffusion coefficient D can be calculated; however, because the nature of the flow is completely different according to the experimental conditions, the corresponding diffusion regime must be identified (see Fig. 1 ). This is done by the means of a dimensionless parameter called the Knudsen number K n , which is the mean free path λ of a molecule divided by the capillary radius a through which it is diffusing:
where k B is the Boltzmann constant, T is the temperature, P is the average pressure along the fiber, and where the added bar sign indicates averaging over the filling time, as well. Finally, δ is the diameter of the gas molecule (334 pm for the acetylene molecule as defined in [12] ).
A. Free Molecular Flow Regime
The low-pressure range of gas experiments is represented by large Knudsen numbers (K n > 1) and the corresponding diffusion regime is called free molecular flow or, simply, molecular flow. In this regime, the gas molecules collide more frequently with the capillary walls than with other molecules. The molecular flux averaged over the cross section of the capillary is therefore determined by geometrical considerations:
where the mean molecular velocity v is a function of both the temperature and the molecular mass m:
It is then straightforward to derive the diffusion coefficient for the free molecular flow regime D k from its definition in Eq. (1):
B. Hydrodynamic Flow Regime
On the other hand, small Knudsen numbers (K n < 0:01) indicate that collisions between molecules occur more frequently than with the walls, which is the case inside a PCF at atmospheric pressure down to a hole size of 16 μm. In this situation, the flow velocity is parabolic across the fiber hole and tends to be zero at the fiber walls due to frictional forces. The gas flow is then considered viscous and is governed by hydrodynamical equations. More specifically, the Poiseuille equation describes a laminar and incompressible flow in the viscous range,
with η being the viscosity,
The diffusion coefficient for the viscous flow regime is then obtained using Eq. (1):
Between these two flow regimes is found a transition type of flow called slip flow that shows characteristics of both viscous and molecular flows. As illustrated in Fig. 1 , the extrapolation of the viscous flow curves into the lower part of the transition region underestimates the actual flow. The additional flow can be seen as gas slipping over the capillary walls: the flow velocity at the walls is no longer zero, as in the viscous regime. There are no analytical expressions describing the slip-flow transition region so we had to rely on semiempirical relations. The behavior of the diffusive flux Φ as a function of pressure can be described by using an empirical relation, ZðK n Þ, scaling the flow additional to the extrapolated viscous flow Φ v [13, 14] :
The corresponding diffusion coefficient is
where ZðK n Þ is
This way, at low pressures, Z is close to unity and the pressure-dependent flow Φ v goes to zero, so that the Knudsen flow Φ k accurately describes the observed flow as we enter the free molecular flow regime. Conversely, as pressure increases, the viscous flow Φ v increases and the added flow becomes negligible. By applying these equations to acetylene gas diffusing inside a microstructured fiber, the diffusion coefficient can be calculated for a given hole diameter and average pressure P. This is done in Fig. 2 , which shows that the diffusion rate can be significantly improved by increasing the hole diameter.
Gas-Filling Dynamics
The distribution of the molecule density n along the fiber length during the gas-filling process is obtained by solving the two partial differential equations presented in Section 2 (Eqs. (1) and (2)). By integrating the corresponding normalized pressure distribution over the fiber length L, one can obtain [15] 
where ξ is a geometrical factor depending on the filling conditions. It is equal to 2 for gas diffusing inside a fiber from one end and equal to unity for gas diffusing from both ends of the fiber. Moreover, Eq. (13) is valid only if the diffusion coefficient is constant during the filling process, which is the case in the free molecular flow regime or for the special case of trace-gas diffusion inside air-filled cladding holes. Because the diffusion process is determined by the slip-flow regime for pure gas diffusing in vacuumed microstructured fibers, the diffusion coefficient is no longer constant. Instead of using numerical solutions to accurately describe the filling process [12] , we will approximate the diffusion coefficient as being constant throughout the filling process and the parameter D in Eq. (13) will represent the averaged filling rate in any type of fiber for a given average pressure P. The filling time is here arbitrarily defined as the time required for the pressure P in the fiber to reach 85% of the equilibrium pressure P 0 :
This definition is justified by considering that typical fiber lengths can reach up to 20 m and that waiting for complete gas filling would actually take an infinite time. The choice of 85% is therefore a compromise between time consumption and reasonable filling along the fiber. With the help of Eq. (13), our analytical model for the filling time t fill of gaseous species inside PCFs is
and can be applied to any fiber geometry or length. The diffusion coefficient is calculated using
with the help of Eqs. (3), (5), (8), and (12) and the molecular mass equal to 26:04 g=mol for acetylene gas [16] . The average pressure is here defined as P ¼ 2 3 P 0 to take into account the exponential profile of the filling process as it increases the average pressure to more than just 50% of the equilibrium pressure. The comparison with experimental filling times is then performed by monitoring the gas-filling process in various types of microstructured fibers. From an experimental point of view, the average pressure inside a fiber during gas filling can be retrieved by monitoring the decreasing intensity Iðt; νÞ of an absorption line as a function of time:
This is done in the following experimental sections, where experimental and predicted filling times of several fiber samples are compared.
Experimental Procedure
The fiber samples were first spliced at one end to standard ITU-T G.652 single-mode fibers (SMFs) using an arc fusion splicer. A dispersion-compensating fiber (DCF) with an ∼4 μm core diameter was spliced between the SMFs and the highly nonlinear PCFs to progressively match the mode-field diameters. The typical splice loss between the SMFs and DCFs is 1 dB, compared to 2-3 dB for splices between DCFs and PCFs. These concatenated fibers were then placed inside a sealed gas chamber and vacuum was maintained for 4-8 days with the help of a turbo vacuum pump to let air fully evacuate the microstructured holes. Acetylene gas was then introduced inside the chamber and the filling process was monitored using absorption lines in the ν 1 þ ν 3 rotational-vibrational band of 12 C 2 H 2 centered at λ ¼ 1:526 nm. The injection current of a distributed-feedback laser diode was continuously modulated to sweep the laser line across the absorption line. The wavelength information was retrieved with a Burleigh WA-1000 wavemeter, and a pressure gauge monitored the vacuum conditions inside the gas chamber.
Results and Analysis
This section presents the results of the gas-filling experiments in the various fiber samples. The samples were chosen to cover various fiber geometries: an airsuspended silica core surrounded by three large cladding holes, a microstructured germanium-doped core with three added layers of cladding holes, and a pure silica core surrounded by five layers of holes (insets A, B, and C, respectively, in Fig. 3 ). For each fiber sample, the hole diameter is defined as the smallest diameter that can be inscribed inside a hole over which the optical field is significantly present. Figure 3 shows the filling process of acetylene gas inside the three fiber samples for a filling pressure of 77 mbars with the corresponding experimental filling times presented in Table 1 .
As seen in Table 1 , the temporal response of a fiber gas sensor can be predicted for any fiber geometry with at least 85% accuracy by using the simplified Eq. (15) . Moreover, the relation between diffusion coefficient and pressure [i.e., Eq. (11)] was verified by filling a given fiber sample (here a suspended-core fiber) at various filling pressures and then retrieving experimental diffusion coefficients. As illustrated in Fig. 4 , the experimentally determined values show reasonably satisfactory agreement with the calculated ones. However, for filling pressures higher than 200 mbars, larger discrepancies can be seen. This is due to our analytical model, as the approximation for a constant diffusion coefficient is less accurate for higher pressures. Finally, the uncertainty in the measured D values is due to normalization difficulties related to the oscillating background pattern often seen in PCF spectra [17] , combined with the difficulties in evaluating the equilibrium pressure P 0 .
Ideal Gas-Filling Conditions
In addition to being used as chemical sensors to detect hazardous gases, microstructured fibers can be filled with low-pressure gases to make all-fiber gas cells [18, 19] . As the linewidth of absorption lines depends on gas pressure, the fibers usually contain pure gas at pressures of less than 200 mbars to maintain high wavelength accuracy. However, when gas chambers or similar devices are used for fiber fillings, the gas pressure inside the chamber will increase with time due to three main factors: virtual or real leaks, outgassing of molecules at low pressure, or back-streaming from the vacuum pump [20] . As a result, the gas leakage rate together with long filling times will introduce impurities into the gas cell. Figure 5 presents the predicted filling time of acetylene gas in microstructured fibers for a typical filling pressure of 100 mbars for any combination of hole diameter and fiber length. Limiting the filling time according to a few selected criteria then secures the efficiency of the gas cell. Because the addition of impurities in the gas cell increases the width of the absorption line Δν V via the Lorentzian absorption linewidth Δν L according to the empirical relation
where Δν G is the Gaussian linewidth, allowing a maximum 5% linewidth broadening due to impurities will yield a maximum impurity percentage of ∼10% for contamination by air (see [21] for broadening coefficients of acetylene in various buffer gases and [22] for numerical values of the Gaussian linewidths). According to a measured gas leakage rate of 1 mbar=h, this corresponds to a maximum allowed filling time of 10 h for a 100 mbars filling pressure. In addition, by considering minimum fiber lengths of 5 m to ensure a minimal absorption efficiency according to the Beer-Lambert absorption law, a microstructured fiber should have a minimum hole diameter of 3 μm. These restrictions for the fiber characteristics are illustrated as shaded regions in Fig. 5 . This is another indication that the gas flow dynamics is a crucial matter to consider when designing microstructured fibers for gas detection and all-fiber gas cell applications.
Conclusion
Helpful expressions predicting gas-filling times in PCFs have been proposed in this paper. Based on the theory of gas diffusion, our model can be readily applied to any fiber geometry or length, as confirmed by the experimental results. By studying the gasfilling process for various pressures inside a given fiber sample, we could experimentally confirm the pressure dependence of the diffusion coefficient and, therefore, the relation between filling pressure and predicted filling time as expected in the slip-flow regime. Conversely, by monitoring the gas-filling process in fibers, parameters such as the hole diameter and the gas viscosity can be estimated. This study of the gas flow dynamics can be used as a metrological tool to characterize PCFs and gas species.
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